We investigated the axial variation of specific gravity, shear parallel to the grain and anatomical features of Astronium graveolens wood and related these properties to the anatomy along the stem. We felled five 20-year-old trees and cut discs from four different stem heights, including stem base, 1 meter, 2 meters and 3 meters, for a total of 20 discs, and studied wood samples near the bark and at the base of trunk. Axial variations found appear to provide a balance between mechanical strength of the wood at stem base by the higher density and higher shear by the increase in ray frequency that contributes to locking the vertical cells and growth rings, thus preventing the stem from easily breaking when bent. For hydraulic conductivity, vessels with smaller diameter and frequency at the stem base help prevent the occurrence of embolisms that would reduce water flow along the main stem.
INTRODUCTION
Astronium graveolens Jacq. -Anarcadiaceae (guaritá), a native, but not endemic, species of Brazil, is distributed in all regions of the country, occurring in four southeastern states. A. graveolens occurs naturally in the Amazon, Caatinga, Savannah, Atlantic Forest and Pampa in cultivated areas and in different vegetation types: Savannah, Gallery Forest, Semideciduous Forest and Rain Forest (Silva-Luz & Pirani, 2013) . Adult trees with a trunk diameter of 40-60 cm can reach 15-25 meters in height. Its wood is heavy (specific gravity 970 kg m -3 ), hard to cut, and has long durability; its heartwood displays a uniform color and is well differentiated from the sapwood (Lorenzi, 2002) .
The concern over the genetic conservation of this species has been highlighted for more than 20 years by Siqueira & Nogueira (1992) . In ecological terms, studies on the population dynamics of A. graveolens show that terrain slope influences the spatial distribution of trees (Pavanelli et al., 2011) . Also, studies on the seedlings distribution have shown that new trees could not be established within a radius of 20 m from the mother plant (Durigan, 1992) . Hernández et al. (2013) characterized the chemical constituents of A. graveolens and showed that the essential oil of its aerial parts exhibits strong antibacterial activity. Associated with the wood use, the authors suggested that the removal of oils from the leaves could add value to the timber industry.
Studies of the wood anatomy of A. graveolens include the most recent work of Woodcock (1994) . Studying 66 species of trees in a tropical dry forest in Costa Rica, this author found variation in vessel diameter within the growth layers in many of them, including A. graveolens, a feature not noted in our previous work (Santos et al., 2011) . In addition, Tomazello-Filho et al. (2004) studied growth rings in 41 tree species and found that the growth rings of A. graveolens are scarcely distinct.
Using the same trees investigated in the present study, Santos et al. (2011) reported on A. graveolens wood at breast height (DBH) over 20 years of age in a homogeneous plantation. This wood showed no radial variation in basic density. Moreover, the anatomical features, generally suggested that this species, under these growing conditions, must maintain homogeneity and quality, independent of the cut tree. It was concluded that the radial variations and correlations between density and anatomical features of the wood analyzed must have resulted from the growth and cambium maturation in a manner that allows for a balance between water conduction and mechanical strength. To expand the study of Santos et al. (2011) , we examine here the axial variation of some properties and anatomy in the same plants to determine the axial variation of specific gravity, shear parallel to the grain and anatomical features of Astronium graveolens wood and relate these properties to the anatomy along the stem.
MATERIAL AND METHODS
We sampled five 20-year-old Astronium graveolens trees (Table 1) from Luiz Antônio Experimental Station, city of Luiz Antônio (21º 40' S, 47º 49' W, elevation 550 m), São Paulo State. The plantation was established in 1990 at a spacing of 3 m × 3 m. In 2010, we felled trees and cut discs from four different stem heights: stem base, 1 meter, 2 meters and 3 meters, for a total of 20 discs. For standardization in all samples, we studied wood near the bark, always on the same side of the stem marked by magnetic north (Figure 1 ). Specific gravity was determined according to Glass & Zelinka (2010) . Samples of 2 × 2 × 3 cm were dried at standard temperature to reach about 12% moisture content. Then, the oven-dried mass and volume samples displaced by immersion in water were determined with semi-analytical balance.
The same samples used in the specific gravity determination were used for anatomical analysis. Small portions of wood from each sample were macerated using Franklin's method (Berlyn & Miksche 1976, modified) , stained with aqueous safranin and mounted temporarily in a solution of water and glycerin (1:1). Samples of 1.5 cm 3 were softened in boiling water and glycerin (4:1) for 1 hour. From these samples, transverse and longitudinal sections of 18-25μm in thickness were obtained with a sliding microtome. Sections were bleached with sodium hypochlorite (60%), washed thoroughly in water, and stained with 1% safranin (Johansen, 1940) . Measurements followed the recommendations of the IAWA Committee (IAWA, 1989) . Quantitative data are based on at least 25 measurements for each feature from each tree, thus fulfilling statistical requirements for minimum numbers of measurements.
Shear parallel to the grain was determined with samples of 2 × 2 × 3 cm with 5 cm 2 shear area. At one end was a characteristic cut of the shear samples (ASTM, 2005 (ASTM, -2006 . The samples had previously been measured with a caliper to determine the areas of each sample (12%, moisture). The load application spped was 2.5 MPa (N mm -2 min -1 ).
We initially performed descriptive statistical analysis considering all axial positions. We performed the Normality Test to observe the data distribution. Based on the normal data distribution, a parametric analysis of variance (One Way Analysis of Variance) was performed. When a significant difference was observed, we employed the Tukey test to identify pairs of significantly different means. Results with p<0.05 were considered significant.
RESULTS AND DISCUSSION
Specific gravity was higher at the base and did not differ among others positions (Figure 2a ). Shear showed no significant difference in any analyzed heights (Figure 2b) .
Fiber wall thickness did not differ along the stem (Figure 3a ). Longer fibers occurred at 2 m and shorter fibers at the base. The one and three meter positions did not differ (Figure 3b ).
Vessel diameter was wider at 3 meters, and vessel frequency was higher at 2 meters. Both traits were reduced at the base (Figure 4a, b and Figures 5 a, b) .
Rays height and width did not vary along the stem, but the frequency was higher at the base (Figures 6a-c) .
A negative relationship was observed between specific gravity and vessel diameter, and a positive relationship was noted between shear parallel to the grain and ray frequency (Figures 7a, b ).
Higher specific gravity at the stem base could, in part, be explained by a lower vessel frequency and especially by smaller vessel diameters, as seen in the negative relationship between specific gravity and conduit diameter (Figure 7) , a phenomenon which has also been reported in other studies (Fan et al., 2012; Martínez-Cabrera et al., 2011) . As reported by Gartner (1995) , the pattern of xylem density from the base to the top of stem depends mainly, but not always entirely, on the pattern found from pith to bark, essentially because the vertical profile reflects the simultaneous production of outer wood at the base, if a plant is old enough, and core wood at the top. However, we emphasize that our study was performed with near-bark samples, and according to the most commonly found radial patterns, the vessel diameter increases toward the bark since a mature cambium can produce cells with larger dimensions (Baas et al., 2004; Lachenbruch et al., 2011) . Thus, according to the literature, the presence of vessels with a larger diameter was found at the base, as expected, because the cambium would be more mature in this region. In fact, the increase in vessel diameter and decrease in frequency occurred in the radial direction in these same trees previously studied by our group (Santos et al., 2011) , However, sampling was performed at breast height (DBH), which has other mechanical requirements when compared with the base of the stem that we investigated in this study.
As in other studies from our group with different species, including Anadenanthera peregrina, Copaifera langsdorffii, Handroanthus ochraceus, Handroanthus vellosoi, Ocotea corymbosa and Xylopia aromatica (in press), we noted vessels with smaller diameters in the stem base, which we attribute to the maintenance of water transport in the main trunk hydraulic system. Specifically, vessels with smaller diameters have lower water conduction requirements than vessels of larger diameters, and smaller conduits provide less risk of embolism (Tyree & Zimmermann, 2002) . Moreover, vessel diameter may be related to the biomechanical requirements of tree support to accommodate the self-weight of stem and crown (Niklas, 1992) . Under these circumstances, larger and more frequent vessels would negatively impact wood density (Hoadley, 2000; Fan et al., 2012; Martínez-Cabrera et al., 2011) . Since density is a good indicator of mechanical properties (Glass & Zelinka, 2010; Kretschmann, 2010) , higher values in the base would have a positive impact on the strength of the tree.
In association with smaller vessel diameters at the stem base, we highlight that ray frequency was higher Note the smaller vessel diameter at the base compared with that at three meters. Scale bars = 500 μm. Figura 5. Secções transversais da madeira de Astronium graveolens. Aos três metros de altura (a); Na base do caule (b). Notar vasos de menor diâmetro na base do caule quando comparados com aqueles aos três metros de altura. Barras de escala = 500 μm. in this region ( Figure 6 ) and that this result appears to have an important effect on shear strength, as noted in Figure 7 . In structural terms, the stem base wood is denser and more resistant to shearing, i.e., slipping or breakage of the cells by the effect of strong winds which could bend the tree stem. The structural role of rays in the resistance of wood has been demonstrated in other studies (Mattheck & Kubler, 1997; Burgert & Eckstein, 2001; Reiterer et al., 2002) .
Although fibers present a noticeable effect on wood support in A. graveolens, these cells do not appear to impact the biomechanical changes, in particular, since the fiber wall thickness did not vary between the axial positions ( Figure 3) . We noticed longer cells in 2 m of the stem, which apparently produce no significant effect on support. Shorter fibers were observed in the stem base. Since this common pattern of radial variation has already been described by Lachenbruch et al. (2011) , we expected longer fibers at the base because of the greater cambium maturity, a result found in our other study with the same samples measured at DBH (Santos et al., 2011) . Kiaei & Samariha (2011) showed negative relationships between the fiber length and such properties as modulus of rupture, modulus of elasticity and compression parallel to the grain in five hardwood plants: Quercus castaneaefolia, Fagus orientalis, Carpinus betulus, Alnus glutinosa and Fraxinus excelsior. Our hypothesis is that shorter fibers in the base can also positively impact the mechanical strength of the stem in A. graveolens.
Both the radial variation values mentioned by Santos et al. (2011) and the axial variations highlighted in the present study are important because they represent the characteristics of trees with age, origin, known spacing that developed in homogeneous plantation and can thus be used as a reference for the species at 20 years of age.
CONCLUSIONS
The axial variations found in Astronium graveolens wood appear to provide a balance between the mechanical strength of the wood at stem base by the higher density and the higher shear by the increase in ray frequency that contributes to locking the vertical cells and growth rings, thus preventing the stem from easily breaking when bent. For hydraulic conductivity, vessels with smaller diameter and frequency at the stem base can help prevent the occurrence of embolisms that would reduce water flow along the main stem.
